In the developing pancreas, the basic helix-loop-helix (bHLH) protein Neurogenin3 (Ngn3) specifies which precursor cells ultimately will become endocrine cells and initiates the islet differentiation program. NeuroD1, a closely related bHLH protein and a downstream target of Ngn3, maintains the differentiation program initiated by Ngn3. We have developed an in vitro model of Ngn3-dependent differentiation by infecting pancreatic duct cell lines with an Ngn3-expressing adenovirus. We found that both Ngn3 and its downstream target NeuroD1 activated the islet differentiation program in these cells by inducing the expression of genes with early roles in the differentiation cascade, as well as genes characteristic of fully differentiated islet cells. Induction of these genes, as exemplified by the insulin1 gene, involved alteration of the local chromatin structure. Interestingly, the subsets of genes activated by Ngn3 and NeuroD1 were not completely overlapping, indicating that these two bHLH proteins serve specific functions in the development of the endocrine pancreas. In addition, microarray gene expression analysis identified a previously uncharacterized group of Ngn3-induced genes with potentially important roles in islet development and function. These studies demonstrate how Ngn3 initiates islet differentiation and provide us with a model for testing methods for producing islet cells for people with diabetes.
D
uring pancreatic development, differentiation of endocrine and exocrine cells from a common endodermal progenitor cell requires the coordinated regulation of specific sets of genes. This process can be envisioned as a hierarchy or cascade of transcription factors that initiate and maintain the distinct gene expression programs that define the various pancreatic cell types (1) . Among these factors, the basic helix-loop-helix (bHLH) protein Neurogenin3 (Ngn3) plays a dominant role in the specification of the endocrine͞islet cell lineage.
During embryonic development, Ngn3 appears transiently in scattered pancreatic epithelial cells (2, 3) . Several lines of evidence indicate that the expression of Ngn3 in these undifferentiated cells directs them to an endocrine cell fate and initiates the program of islet differentiation. First, lineage tracing shows that these transient Ngn3-expressing cells differentiate exclusively into islet cells (4) . Second, mice homozygous for a targeted deletion of the ngn3 gene fail to generate any islet cells (5) . Third, ectopic expression of Ngn3 drives embryonic endoderm to an endocrine fate (2, 3, 6) .
Ngn3 may play a similar role in the generation of new islet cells postnatally. It has been suggested that cells along the pancreatic ducts may act as progenitors for new islet cells in the postnatal period, although recent lineage tracing experiments suggest that the bulk of newly generated beta cells in adult mice result from the replication of preexisting beta cells (7) .
Ngn3 initiates islet cell differentiation, but other factors downstream of ngn3 must complete the task. Genetic studies in mice along with gene expression studies have placed several transcription factors in a differentiation cascade downstream of Ngn3 (1) , but this approach is time-consuming and has not revealed new members of the cascade. As a result, our understanding of the epistatic relationships among islet differentiation genes remains rudimentary, and we have yet to identify the genes downstream of ngn3 that specify the distinct islet cell subtypes.
To overcome these limitations, we developed an in vitro model of Ngn3-dependent differentiation by infecting mouse pancreatic duct cell lines with a Ngn3-expressing adenovirus. We found that Ngn3 and other proendocrine bHLH factors switch on the islet differentiation program in these duct cells by activating a number of genes, including both early members of the differentiation cascade and genes characteristic of fully differentiated islet cells. In addition, cDNA microarray gene expression analysis detected previously uncharacterized Ngn3-induced genes with potentially important roles in pancreas biology. These studies demonstrate how Ngn3 initiates islet differentiation and provide us with a valuable model system for studying islet cell differentiation.
Materials and Methods
Cell Lines and Cell Culture. Mouse mPAC L20 and mPAC L4S2 cell lines (8) , human PANC-1 cells (American Type Culture Collection), and 3T3 cells were cultured in DMEM supplemented with 10% FCS and antibiotics. The human pancreatic duct cells HPDE-E6E7 c7 and c11 (9) were kindly provided by M. Tsao (University of Toronto, Toronto) and were cultured in keratinocyte serum-free medium supplemented with 50 mg͞ml bovine pituitary extract, 5 ng͞ml epidermal growth factor, and antibiotics. The pancreatic islet cell lines ␣TC1.6 and ␤TC3 were cultured in DMEM supplemented with 15% horse serum, 2.5% FCS, and antibiotics. the cDNA was used as a template for PCR reactions, and all RNA samples were tested in the absence of reverse transcriptase. PCR products were analyzed on agarose gels. All results were confirmed with at least three independent RNA samples.
Twenty-five to 150 ng of cDNA was used as a template for TaqMan quantification. All primer͞probe sets were validated with a standard curve by using serial cDNA dilutions. Quantification was performed on an Applied Biosystems Prism 7900HT sequence detection system. Measurement of the expression levels of mouse ␤-glucuronidase (mGUS) was used as an internal control for cDNA quantity and quality in all assays. Sequences of all primers and probes are available upon request.
Quantitative Chromatin Immunoprecipitation (ChIP) Assay. Approximately 10 7 L20 cells (transfected with adenovirus encoding either ␤-galactosidase or NeuroD1) were fixed in 1% formaldehyde for 10 min and processed for ChIP as described in ref. 11 . Coimmunoprecipitated insulin promoter fragments were quantified by SYBR Green I-based real-time PCR with primers amplifying the proximal and distal promoter regions as detailed in ref. 12 . Rabbit polyclonal antibodies to acetylated-H3 and H3-dimethyl-K4 were from Upstate Biotechnology (Lake Placid, NY).
cDNA Microarrays. Slides carrying Ϸ18,000 mouse cDNAs were generated by the Mouse Microarray Consortium at the University of California, San Francisco. Of those, 15,000 clones corresponded to mouse ESTs from the National Institute of Aging set of mouse ESTs (13) . The remaining clones were amplified from personal stocks of various University of California, San Francisco laboratories. The complete list of clones can be obtained from the Mouse Microarray Consortium Web site, http:͞͞ mmc.ucsf.edu.
First-strand synthesis was performed with 10 g of total RNA, dT(16) oligomer, and 5-(3-aminoallyl)-dUDP. The cDNA product was then purified, coupled with cy3 or cy5 dye, hybridized, and washed as described in ref. 14. Microarrays were scanned with an Axon 400B scanner (Axon Instruments, Union City, CA). Data were acquired and analyzed by using GENEPIX PRO-4 software (Axon Instruments) and stored and normalized by using the NOMAD microarray database system (http:͞͞ucsf-nomad.sourceforge.net). For each pair of samples (Ngn3 vs. ␤gal), multiple hybridizations were performed, including a reverse dye hybridization to control for potential dye bias. The four best-quality hybridizations, corresponding to three independent infections, were selected to calculate the mean fold change indicated in Table 1 .
Results

Induction of Endocrine Differentiation Genes by Proendocrine bHLH
Factors. Activation of the bHLH protein NeuroD1 by Ngn3 is one of the earliest events in pancreatic islet cell differentiation (15) . Therefore, we used neuroD1 gene activation as an indicator of competence to respond to Ngn3. As assessed by RT-PCR, infection with a recombinant adenovirus encoding Ngn3 (AdCMV-ngn3) led to the appearance of neuroD1 transcript in all duct cell lines tested, including mouse mPAC cells (lines L20 and L4S2) and human HPDE-E6E7 (lines c7 and c11) and PANC-1 cells, but not in the fibroblast cell line NIH 3T3 (Fig. 1A) .
We next tested whether Ngn3 could activate genes thought to lie further downstream in the endocrine differentiation cascade (1). Ngn3 induced readily measurable levels of pax4 and nkx2.2 mRNAs in both mouse mPAC cell lines (Fig. 1B) . The nkx2.2 gene contains at least three promoters that are active in the pancreas, and the nkx2.2 mRNA induced by Ngn3 included exon 1A, but not exon 1B (data not shown), consistent with our previous conclusion that Ngn3 activates the 1A promoter but not the 1B promoter (16) . Ngn3 induced modest levels of Pax6 DNA repair XRCC1 3.0 0.6 NT SEM, standard error of the mean. *mPAC L20 cells were treated with AdCMV-␤gal or AdCMV-ngn3, and RNA was extracted 48 h later. Data are means of fold induction by Ngn3 relative to ␤-galactosidase from four hybridizations using RNA from three independent experiments. All genes induced Ն2.5-fold are shown. † Confirmation of the microarray data was performed for a subset of genes by using RT-PCR. C, upregulation was confirmed in at least two of three independent experiments; NC, not confirmed; NT, not tested. ‡ These genes were spotted more than once on the array, and the fold induction shown is the mean of all spots for that gene. expression in some, but not all, samples tested and did not induce nkx6.1 mRNA in either cell line.
Time-course experiments established the sequence of gene activation events. Appearance of pax4 and nkx2.2 mRNAs occurred earlier (16 and 24 h after virus infection, respectively) than neuroD1 (36 h), indicating that Ngn3 can activate these genes in the absence of NeuroD1 (Fig. 1C) . These findings were confirmed by using TaqMan real-time PCR (data not shown). The delayed induction of neuroD1 mRNA by Ngn3 is intriguing because Ngn3 is thought to directly regulate NeuroD1 expression by binding to its promoter (15) . Synthesis of additional cofactors may be necessary before activation of NeuroD1 in mPAC cells.
With the exception of glucagon, infection with AdCMV-ngn3 activated the expression of all of the islet hormone genes including islet amyloid polypeptide (IAPP) and grhelin ( Fig. 1B and data not shown). In addition, Ngn3 stimulated the expression of the beta cell glucose sensor glucokinase, but not the glucose transporter GLUT-2. Ngn3 also increased levels of the mRNA encoding MafA, a transcription factor recently implicated in regulation of the insulin gene (17) . Taken together, these results demonstrate that Ngn3 activates the islet differentiation program in mPAC cells, including both early and late genes.
Several bHLH proteins are expressed during pancreatic development (3). To determine whether these factors share with Ngn3 the ability to drive endocrine-specific gene expression in mPAC cells, we used adenovirus vectors to express NeuroD1, Mash1, and the myogenic bHLH factor MyoD (18) and compared their patterns of downstream target activation with that of Ngn3.
Both NeuroD1 and Mash1 drove endocrine-specific gene expression in mPAC cells, but they activated a more restricted panel of target genes as compared with Ngn3 (Fig. 2C ). NeuroD1 shared with its upstream activator Ngn3 the capacity to induce pax4, nkx2.2, insulin, glucokinase, and IAPP mRNAs but failed to activate other Ngn3-downstream genes, namely the islet hormone genes somatostatin and PP. On the other hand, at equivalent viral doses, NeuroD1 induced higher insulin and IAPP mRNA levels than Ngn3. Mash1 activated an even more restricted set of target genes; only strongly inducing pax4, PP, glucokinase, and IAPP gene expression. Relative differences in the expression levels of induced genes were confirmed by real-time TaqMan RT-PCR (Fig. 2D) . The observed differences between Ngn3 and NeuroD1 most likely reflect functional differences between these two factors because the percentages of infected cells were similar for both adenoviruses (data not shown).
The ability to activate the islet differentiation program was specific to the neuroendocrine bHLH proteins, because MyoD activated none of the pancreatic genes except IAPP and only in mPAC L20 cells at low levels (Fig. 2C) . It should be noted that we observed some differences between the two mPAC lines in other experiments as well. In most cases, the responses in the two mPAC lines were the same, but mRNA induction levels in L4S2 cells were generally lower than in L20 cells. Higher adenoviral infection efficiency in L20 (80-90%) as compared with L4S2 (40-50%) cells may explain these differences (data not shown), although intrinsic differences between the two cell lines cannot be ruled out.
It should be noted that levels of islet hormone mRNAs, in particular insulin, in treated mPAC cells were significantly lower than in ␤TC3 or islets. Insulin mRNA levels in NeuroD1-infected mPAC cells were only 0.00013% of levels found in ␤TC3 and 0.00001% of those found in islets as assayed by TaqMan RT-PCR. Conversely, levels of somatostatin mRNA in ngn3-expressing mPAC cells were definitely closer than insulin to those found in islets (0.14%). Levels of the induced mRNAs, however, were assayed shortly after the initiation of transcription (somatostatin and insulin mRNAs were not detectable until 36-40 h in culture), whereas levels in ␤TC3 cells or islets were assayed at steady state. This point is particularly important when considering long half-life mRNAs such as insulin (Ϸ100 h). In addition, these results represent an average over a cell population, within which only a small percentage of cells express the gene. For example, only 2-5% of the mPAC cells expressing ngn3 express somatostatin after 48 h in culture (data not shown).
bHLH genes often function in transcriptional activation cascades during differentiation in a variety of tissues. For example, Mash1 lies upstream of Neurogenin1 and NeuroD1 in the olfactory neuron lineage (19) . To determine whether the proendocrine function of Mash1 could result from activation of Ngn3 expression, we assessed endogenous ngn3 gene expression in mPAC cells treated with the Mash1-encoding adenovirus. Mash1 strongly induced ngn3 mRNA (Fig. 2B) , but neither Ngn3 nor NeuroD1 induced mash1 mRNA. These results suggest that the Mash1-dependent induction of endocrine cell markers could be secondary to the activation of Ngn3 expression. It should be noted, however, that a similar relationship may not exist in vivo, where Mash1 is not required for the expression of Ngn3 in the pancreas (3). Unexpectedly, Ngn3 expression was activated weakly by NeuroD1 and MyoD in mPAC L20 cells, but not in L4S2 cells.
Interestingly, we observed that Ngn3 and NeuroD1 activated their respective endogenous genes in both mPAC lines (Fig. 2B) . This autoactivation is consistent with a previous report that neural bHLH proteins can activate their own expression in pluripotent mouse P19 embryonal carcinoma cells (20) .
Proendocrine bHLH Factors Induce Chromatin Changes at the insulin1
Locus. Activation of insulin gene transcription in beta cells is associated with characteristic modifications of histone H3, namely H3 acetylation and H3-Lys-4 methylation, at the proximal insulin1 promoter (12) . Both modifications are normally associated with open, euchromatic regions of transcriptionally active genes (21) . To determine whether similar changes accompany activation of insulin1 gene transcription in NeuroD1-transfected mPAC L20 cells, we performed ChIP assays with antibodies toward specifically modified histones. NeuroD1 transfection results in significant (P Ͻ 0.05) increases in H3 acetylation and H3 (Lys-4) methylation at the proximal insulin1 promoter region (Ϸ300 bp upstream of the transcriptional start site), but not at the distal promoter region (Ϸ4,800 bp upstream) (Fig. 3) . These modifications are similar in magnitude to those observed at the proximal insulin1 promoter in beta cells (12) .
Microarray Analysis of Ngn3-Induced Genes. The adenovirusinfected mPAC cells provide a useful model for studying islet differentiation in vitro. We exploited this model to identify target genes of Ngn3. For this purpose, we used microarrays containing Ϸ18,000 mouse cDNAs and compared gene expression patterns in mPAC L20 cells infected with either AdCMV-␤gal (control) or AdCMV-ngn3. All comparisons were performed 48 h after viral infection, meaning that genes differentially expressed in Ngn3-expressing mPAC cells could include genes whose expression was directly or indirectly controlled by Ngn3.
Expression profile analysis identified 51 mRNAs induced by at least 2.5-fold (Table 1 ) and 86 mRNAs down-regulated at least 3-fold (data not shown) in response to Ngn3. The list includes five genes that we had already identified (ngn3, neuroD1, nkx2.2, somatostatin, and IAPP) (Fig. 1) . Nearly 50% of the identified genes code for transcription factors from diverse families, which is not unexpected given the proposed role of Ngn3 as an early transcriptional switch in the endocrine differentiation cascade. Interestingly, 20% of the identified genes code for proteins involved in cell migration and cell-to-cell interactions, many of which have roles in neural growth and axon guidance (i.e., neuropilins, semaphorins, and trk). In addition, some of the genes are involved in signaling cascades with known relevant roles in pancreatic development, such as Notch (2) . Although many of the up-regulated genes encode factors already known to play a role in pancreatic biology (i.e., Pdx1, Hb9, and Isl1), participation in pancreatic development has not been previously addressed for many of them.
Of the downstream genes that we identified, we selected 19 for confirmation by RT-PCR. Induction in response to Ngn3 was reproduced in at least two of three independent experiments for all of the genes tested except for three (presenilin2, TrkB, and Sema3a), as indicated in Table 1 . Representative RT-PCRs for some of these genes are shown in Fig. 4A .
Next, for some of the confirmed genes, we used RT-PCR to evaluate expression in vivo in the developing mouse pancreas (e12.5-e17.5), adult mouse islets, and islet-derived cell lines (␣TC1.6 and ␤TC3). Transcripts for the bHLH factors Olig1 and Neurogenin1 were barely detectable in embryonic pancreas even after 38 PCR cycles (Fig. 4B) . Olig1 belongs to a family of oligodendrocyte lineage-specific bHLH factors (22, 23) . Of four related genes, olig2, olig3, and bhlhb5 also were not detected in the pancreas, whereas bhlhb4 was expressed in the embryonic pancreas, but not in adult islets, and was not induced by Ngn3 (data not shown). In contrast, mRNAs encoding the bHLH factors NeuroD2 and Hes6, an inhibitor of Hes1, were present in the embryonic pancreas at all stages studied (Fig. 4B) . Interestingly, neuroD2 mRNA was not found in adult islets. All of the other genes studied were detected at significant levels in the pancreas with the exception of the homeobox gene gsh2 (data not shown).
Discussion
The present study demonstrates that expression of Ngn3 is sufficient to trigger the endocrine differentiation program in pancreatic duct cell lines. This program includes both the cascade of genes encoding transcription factors that regulate islet-cell development as well as the genes encoding markers characteristic of mature islet cells, such as insulin. In agreement with prior work in vivo (3), other proendocrine bHLH factors NeuroD1 and, to a lesser extent, Mash1, share with Ngn3 this ability to drive endocrine differentiation in vitro. Activation of target genes, as demonstrated by the ChIP analysis of the insulin1 gene, involves alteration of the local chromatin structure. Finally, microarray analysis identified additional genes downstream of Ngn3.
The transcriptional cascade activated by Ngn3 in mPAC cells closely resembles the one operating in the mouse embryo during pancreatic development. In mPAC cells, Ngn3 induced expression of the transcription factors NeuroD1, Pax4, Pax6, Nkx2.2, and Isl-1, all of which previously have been placed downstream of Ngn3 (1, 5). An important exception was the homeodomain transcription factor Nkx6.1, which lies downstream of Nkx2.2 during normal islet-cell differentiation (24) . In mPAC cells, nkx2.2 mRNA appeared as early as 24 h after Ngn3 infection, but nkx6.1 mRNA could not be detected up to 48 h later (data not shown). Similarly, Ngn3 failed to induce the expression of Nkx6.1 in human duct-cell cultures (25) . Prior studies have revealed that regulation of Nkx6.1 expression is complex and involves both transcriptional and translational mechanisms (26) . Thus, it is possible that Nkx6.1 expression is controlled by Ngn3 and Nkx2.2 posttranscriptionally. Consistent with this idea, we can detect nkx6.1 mRNA at normal levels in late fetal pancreases from Nkx2.2-null mice (data not shown), even though Nkx6.1 protein is absent (24) , indicating that translational control of Nkx6.1 expression is crucial during normal pancreatic development.
Early Ngn3 expression in the pancreatic anlage of embryonic mice causes both expanded and precocious differentiation of glucagon-expressing cells (2, 3) . These results led to the proposal that alpha cells are the default fate of Ngn3-expressing cells. Accordingly, ectopic Ngn3 also was found to induce, although not exclusively, glucagon expression in chick embryos (6) and retinoic-acid-derived endoderm cells (27) . Therefore, it is surprising that Ngn3 induces expression of all of the islet hormones except glucagon in mPAC cells. Similarly, Ngn3 failed to elicit alpha cell differentiation in human duct-cell cultures (25) . The mPAC cells may express inhibitory factors or lack positive regulators that allow alpha cell differentiation in the developing pancreas in vivo. In support of this explanation, the POU homeodomain factor Brn4, an important regulator in the determination of alpha cell lineage (28), is not induced by Ngn3 in mPAC cells (data not shown).
The observation that NeuroD1, like Ngn3, switches on the islet cell differentiation program in mPAC cells is not surprising. Indeed, prior work demonstrated that both factors drive endocrine cell differentiation in transgenic mouse models (3) . The current observation is that the sets of genes activated by the two factors, including the islet hormone genes, are not identical. Although Ngn3 induces mRNAs for somatostatin and PP and, to a lesser extent, insulin, NeuroD1 predominantly induces insulin mRNA. Consistent with these studies in mPAC cells, NeuroD1- . In all cases, results were confirmed by using RNA from at least three independent samples. deficient mice have a drastic reduction in the number of beta cells, whereas the delta and PP cell lineages are largely unaffected (29) , suggesting that factors other than NeuroD1 downstream of Ngn3 may be important for the differentiation of the delta and PP cell lineages. Our microarray data identify a number of bHLH and non-bHLH transcription factors induced by Ngn3 that could serve in such roles. Among these, NeuroD2, a bHLH factor closely related to NeuroD1, was strongly induced by Ngn3 and was present in the developing pancreas but was largely absent from adult islets. Although the role of NeuroD2 in neural development has been recently established (30) , its function in endocrine differentiation remains unexplored.
Members of the Ngn and NeuroD families of bHLH transcription factors also participate in neural development. Members of these families promote neuronal differentiation from competent precursor neural cells (31, 32) , but they also can impose a neuronal fate on nonneural cells (31) . Thus, it is possible that expression of Ngn3 (or NeuroD1) may initiate neural as well as endocrine differentiation programs in mPAC cells. In fact, many of the genes that we identified as Ngn3 targets in the mPAC microarray experiments are known neural genes. Although this observation is not surprising, given the recognized parallels between neurons and islet cells (1), the expression of some of these neural genes could result from more relaxed regulatory constraints in the in vitro system or nonspecific effects from excessive transgene expression. The bHLH genes ngn1 and olig-1 and the homeobox gene gsh2, none of which are expressed at significant levels in the pancreas as assessed by RT-PCR (Fig.  4) , illustrate the activation by Ngn3 of nonpancreatic neuronal genes in mPAC cells.
The current study does not address whether pancreatic duct cells ever function normally in vivo as progenitors for islet cells or whether normal duct cells can respond to the proendocrine bHLH genes and differentiate into endocrine cells. Mouse mPAC cells have ductal characteristics (expression of cytokeratins) but also express A2B5, a neuroendocrine ganglioside expressed in developing islet cells (8) . Thus, mPAC cells could represent a stem-like progenitor or dedifferentiated duct cell. Nevertheless, Ngn3 also triggered endocrine gene expression from human PANC-1 cells (data not shown), which are derived from pancreatic ductal epithelium, suggesting that the capacity to activate the endocrine differentiation program may be a true characteristic of normal pancreatic duct cells. Heremans et al. (25) reported that Ngn3 could drive endocrine differentiation in primary-cultured human pancreatic duct cells. However, because the researchers started with a mixed cell population, it was not possible with certainty to determine which cells responded to Ngn3. In fact, the rather low percentage of differentiated islet cells in the primary duct cultures suggests that very few of the Ngn3-infected cells were responsive to Ngn3. Furthermore, cells with the capacity to differentiate into islet cells in response to ectopically expressed proendocrine genes may not actually function as islet-cell precursors during normal islet cell genesis in vivo. Identification of bona fide islet cell precursors requires careful lineage-tracing analysis in vivo.
One ultimate goal of these studies is the production of insulin-producing cells for people with diabetes. The mPAC cell model system provides us with a unique means to identify genes involved in islet-cell formation and to test the ability of specific genes or gene combinations to drive endocrine differentiation. Knowledge gained from these studies also could be applied to the development of beta cells from human embryonic stem cells. Although recent studies suggest that the generation of insulinproducing cells from embryonic stem cells may not be difficult (33) , a better understanding of islet cell differentiation may be important for the development of methods for the production of truly normal beta cells (34, 35) .
